INTRODUCTION
A key question in galaxy evolution is: what is the interplay between central supermassive black holes (SMBHs) and their host galaxies? In simulations of galaxy formation, feedback from both an active galactic nucleus (AGN) and star formation accompany the assembly of massive galaxies (Di Matteo, Springel & Hernquist 2005; Hopkins et al. 2006; Robertson et al. 2006) . However, different models apply varying prescriptions for these forms of feedback. These prescriptions are often only constrained by reproducing realistic global properties of galaxies such as the observed correlation between the central black hole and host galaxy bulge masses or the galaxy mass function. Thus, to answer questions regarding the effect of SMBHs on their hosts, it is necessary to look for direct observational evidence of feedback.
Rapid quenching of recent star formation is predicted by models of quasar feedback (e.g., Di Matteo, Springel & Hernquist 2005; Hopkins et al.
2008
). Observationally, recent quenching can be identified by analysing and fitting galaxy spectra to recover galaxy star formation histories (see Cano-Díaz et al. 2012) . However, looking for direct observational evidence of the effects of feedback from an accreting black hole on its host galaxy is challenging. To establish whether accreting SMBHs have a significant impact on the evolution of their hosts, it is essential to study galaxies when their black holes are near the peak of their activity: the quasar phase. Unfortunately, the scattering of light from the high luminosity quasi-stellar object (QSO) limits the analysis that can be done on the host galaxies. A common approach to circumvent this is studying the hosts of low luminosity obscured narrow-line AGN. Recent work, however, suggests that low and high luminosity AGN are different phases of galaxy evolution (Schawinski et al. 2009; Trump et al. 2013) . Work on bona fide quasar host galaxies is mostly limited to observations of the host galaxies outside their centres via offset longslit or integral field unit (IFU) observations, e.g., Nolan et al. Wold et al. (2010) ; Cano-Díaz et al. (2012) . Because these types of observations probe the low surface brightness outskirts of the host galaxy light profile, spectra obtained are often low to moderate signal-to-noise (S/N 20Å −1 ). Scattered quasar light complicates these observations since it must be modeled or subtracted off from the host galaxy observations. This scattered quasar light is caused by the turbulence of the Earth's atmosphere and the outer wings of the point-spread function of the QSO. In order to recover useful and reliable information from this type of data, a method of spectral fitting must be developed that can handle low signal-to-noise data and model the scattered quasar light.
The challenge of analyzing any galaxy spectrum is to reliably decompose the integrated light from perhaps billions of years of stellar evolution from a snapshot. A lot of work has been done in this field recently (see Walcher et al. (2011) for a review). Current methods used for analysis in the rest frame optical include (i) using spectral indices, measured equivalent widths of stellar absorption features (Worthey et al. 1994; Trager et al. 1998; Thomas, Maraston & Korn 2004) , (ii) principle component analysis (PCA) (Murtagh & Heck 1987; Connolly et al. 1995; Madgwick et al. 2003; Lu et al. 2006) , and (iii) spectral fitting by inversion, inverting an observed galaxy spectrum onto a basis of independent components (Heavens, Jimenez & Lahav 2000; Tremonti et al. 2004; Tojeiro et al. 2007; Ocvirk et al. 2006; Cid Fernandes et al. 2005; Walcher et al. 2006; Chilingarian et al. 2007; Koleva et al. 2009; Richards et al. 2009 ).
These methods are not optimal for quasar host galaxy studies for the following reasons. Firstly, using spectral indices necessarily requires a high signal to noise (S/N 30 pixel −1 ) spectrum to properly measure equivalent widths and recover galaxy properties (Johansson, Thomas & Maraston 2012) , so this method would not be suitable for analyzing low signal-to-noise spectra. Secondly, though PCA-which seeks to decompose a galaxy's spectrum into a linear combination of calculated orthogonal principle components-has been used to analyse low signal-to-noise spectra (e.g., Chen et al. 2012) , it can be difficult to determine what information about galaxy properties is encoded in the derived principle components. Additionally, within the PCA method, one could not force the scattered QSO light to be a separate PCA component. Thirdly, spectral fitting by inversion assumes a galaxy's spectrum can be decomposed into the sum of the light from single age, single metallicity populations of stars, or simple stellar populations (SSPs). These SSPs represent instantaneous bursts of star formation at different moments in time and their linear combination can represent the star formation history of a galaxy. However, most spectral fitting by inversion methods depend on moderate to high signal-to-noise (S/N 20 pixel −1 ) for reliable results (Mathis, Charlot & Brinchmann 2006; Tojeiro et al. 2007 ). Tojeiro et al. (2007) find that even with VESPA it is difficult to recover meaningful information from individual galaxy spectra with S/N 10 pixel −1 even though VESPA is a spectral analysis program designed to robustly recover star formation histories by adaptively changing the number and binning of SSPs given a spectrum's noise.
We develop and test a new spectral fitting by inversion method for recovering star formation histories from low signal-to-noise galaxy spectra that includes the ability to model scattered quasar light. This new method is set apart from the aforementioned techniques in its use of diffusion k-means, a dimension reduction technique that allows us to look at all the spectral information available in a library of SSPs and meaningfully group them (Lafon & Lee 2006; Richards et al. 2009 ). This property is attractive because it can provide a quantitative way to reduce the number of SSPs used for spectral fitting from a SSP library. It is common to only use a subset of the SSPs (which we will call a basis set) from a library to increase computational efficiency and reduce the use of extraneous SSPs that might have very similar spectra and thus be indistinguishable to any fitting routine. But, most subsets have been chosen empirically or essentially by hand for specific applications (Tremonti et al. 2004; Cid Fernandes et al. 2005; Tojeiro et al. 2007 ). Diffusion k-means provides a quantitative way to form a more manageable basis set from a large SSP library, reducing the degrees of freedom in the fitting and the number of bases to a number k of our choosing. Our method also includes the option to model simultaneously the stellar populations and the quasar scattered light, in which the scattered light is modeled analytically assuming Gaussian seeing during the observations. Diffusion k-means has already been shown in Richards et al. (2009) to be effective in forming bases for stellar population modeling of a sample of galaxy spectra from the Sloan Digital Sky Survey I (York et al. 2000) . In this paper, we explore whether using a reduced basis set can improve the accuracy with which galaxy star formation histories are recovered in low S/N data (S/N ∼ 5Å −1 ). We compare bases derived using k-means (and some physical intuition) to bases selected using other techniques. We outline a method for modeling scattered quasar light, and we test the accuracy with which stellar population parameters can be recovered in low S/N quasar host galaxy spectra with our k-means basis. We test this by generating synthetic galaxies with a range of given star formation histories and comparing the recovered star formation histories of different basis sets with the input star formation histories. We also use our method on a previously published quasar host galaxy, and compare the results with the literature.
Section 2 describes the spectral fitting technique and introduces the basis sets to be tested. In §3, we describe the star formation histories tested and the results. After testing on galaxy spectra with no scattered quasar light, we then apply our method to some synthetic quasar host galaxies and an observed quasar host galaxy in §4. We discuss the accuracy and reliability in recovering star formation histories of the tested basis sets in §5. We use the following cosmology H0 = 70.0 km s −1 Mpc −1 and a flat universe: Ωm = 0.3, ΩΛ = 0.7.
METHOD
We aim to test if we can improve the recovery of star formation histories in low signal-to-noise spectra by reducing the number of bases in spectral fitting. We generate synthetic galaxy data with 6 star formation histories (details c 0000 RAS, MNRAS 000, 000-000
Simple Stellar Population Modeling of Low S/N Galaxy Spectra and Quasar Host Galaxy Applications 3 in §3.1). Next, we fit this data using 4 basis sets (detailed in §2.2) and compare the recovered star formation histories to the input star formation histories to examine the relative effectiveness of each basis set. To recover the star formation histories from galaxy spectra, we use a spectral fitting by inversion technique described in §2.1.
Spectral Fitting and Implementation
To fit and recover a star formation history from a given observation of a galaxy, we use a modified code originally written by Sheinis (2002) and later developed by Wold et al. (2010) that will be henceforth referenced as sspmodel. The inputs for the code are spectroscopic observations of a galaxy, and optionally, a second spectroscopic observation of a central QSO. The user also provides a set of bases to use in fitting the galaxy spectrum. sspmodel then finds the best fit to the input galaxy spectrum by performing a weighted least-squares minimization (χ 2 minimization) using alternating simulated annealing and downhill simplex minimization routines outlined in Press et al. (1992) . The output of the code is an estimate of the relative light fraction of each stellar population basis, the galaxy's V -band attenuation, AV using the extinction curve of Cardelli, Clayton & Mathis (1989) , and if requested, the parameters that best describe any scattered quasar light. For this paper, the code was rewritten in C for speed and portability. Previous incarnations of the code in Interactive Data Language (IDL) ran 5 times slower and required a license to run. We have also updated the treatment of scattered quasar light. The formalism and equations describing the model fitting and extinction are detailed in Wold et al. (2010) . The details and method of estimating the scattered quasar light are in §4.1.
In our code, sspmodel, we make the general assumption of the spectral fitting by inversion technique that a galaxy spectrum can be decomposed into linear combinations of stellar populations that represent the galaxy's star formation history. A common technique to estimate these stellar populations is to assume the galaxy spectrum can be modeled by the linear combination of a set of SSPs and some dust attenuation. These SSPs are the spectra of a single age, single metallicity population of stars at given times after an instantaneous burst of star formation. These SSPs are normalized to have formed a fixed amount of stars initially so that by decomposing a galaxy into weighted combinations of them, we can estimate how much star formation occurred at a given time-the star formation history. If we had an infinite number of SSPs so as to sample time as finely as possible, we could theoretically recover very detailed star formation histories. But, since the youngest stars typically dominate the light in an integrated spectrum for galaxies with active star formation, older SSPs would contribute very little to the integrated spectrum and our ability to get precise star formation histories at large lookback time would be hindered. Additionally, the SSP spectra change very little several Gyr after the initial burst, so including more older SSPs might introduce degeneracies in the fitting. Thus, more SSPs to cover more time steps is not a panacea. In practice, one chooses a subset of SSPs to fit a galaxy spectrum.
For all of the analysis of galaxy spectra in this paper we use SSPs from Bruzual & Charlot (2003) (henceforth referred to as BC03). Specifically, we use the high resolution, solar metallicity Padova 1994 instantaneous burst models with an initial mass function (IMF) from Chabrier (2003) . These SSPs rely on the STELIB stellar library (Le Borgne et al. 2003 ). The STELIB library has a wavelength coverage of 3200 -9500Å at a spectral resolution of 3Å sampled at 1Å. BC03 includes SSPs for 6 metallicities, but we limit our tests to solar metallicity as a starting point. The STELIB library also has the most template stars for solar metallicity, making the BC03 derived spectra at this metallicity more accurate. The SSPs in BC03 have a large wavelength coverage, but for all the analysis in this paper we restrict ourselves to 3600 -8500Å since this is the approximate range of our quasar host galaxy observations. Under our spectral fitting by inversion assumptions that we can fit a galaxy's spectrum as the linear sum of solar metallicity SSPs, we can think of the luminosity of a galaxy at a given wavelength being determined by:
where L gal (λ) is the galaxy luminosity at wavelength λ, S(λ, Z⊙, ti) is the luminosity of a solar metallicity, age ti SSP at wavelength λ, and the ai's are the coefficients representing the amount of stellar mass formed ti years ago. The extinction at each wavelength, A λ , is calculated using the reddening law of Cardelli, Clayton & Mathis (1989) , and is assumed for simplicity to be the same for all stellar populations with RV = 3.1. In BC03, the SSPs are normalized to 1 M⊙, so the ai's represent the number of solar masses formed ti years ago.
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Framing the spectral fitting by inversion problem as it is in Eqn. 1 assumes that ai M⊙ of stars were formed instantaneously at a time ti ago for a galaxy. This star formation history is the sum of delta functions. There is a natural uncertainty in this method-what if a galaxy is composed of stars whose ages are not represented by the SSPs chosen? Any minimization technique would simply seek the best combination of the given SSPs to reproduce the galaxy spectrum, but it is unpredictable without testing how the minimization technique will account for unrepresented populations using an incomplete set of bases. We can eliminate the need to cherry pick only a handful of individual SSPs by using diffusion k-means. We use diffusion k-means to identify similar SSPs, group them into k groups, and then we perform a weighted average of the SSPs in each group to form a new reduced basis set of k bases.
Tested Basis Sets
To test whether lowering the number of bases used to model the stellar populations present in a galaxy spectrum allows us to reliably and accurately recover the star formation history with low signal-to-noise data, we run synthetic galaxy spectra through sspmodel using 4 distinct basis sets (Table 1) : the 15 solar metallicity SSPs used by Cid Fernandes et al. (2005) (hereafter referred to as the 'traditional' basis set, or TB), a diffusion k-means selected set (DFK-AVG), a constant light fraction set (CONSTLF), and a set defined by the individual SSPs with ages closest to the average age of the DFK-AVG bases (DFK-SSP). Each basis set is described in detail below.
Traditional Basis Set
Traditionally in the spectral fitting by inversion method, one chooses individual SSPs from a large library of SSPs for spectral fitting and recovering star formation histories. The SSPs are often chosen empirically and might be tailored to specific goals (Tremonti et al. 2004; Tojeiro et al. 2007; Cid Fernandes et al. 2005) . The 15 solar metallicty SSP ages chosen by Cid Fernandes et al. (2005) have been used by several groups (e.g., Wold et al. 2010; Richards et al. 2009 ) to fit galaxy spectra. We call these 15 SSPs our traditional basis set (TB). This set serves the purpose of a control in our tests. By comparing the results of this TB basis set and the smaller basis sets, we test whether a smaller basis set can recover a range of star formation histories as well as this larger, more traditional basis set. To compare the recovered star formation histories, we bin the TB derived masses into four age bins chosen by diffusion k-means discussed in §2.2.2. Fig. 1a shows the traditional basis set's model spectra and their corresponding ages.
Diffusion K-Means Basis Set Formation
The power of diffusion k-means is that one can run any multidimensional data set (in our case a set of SSP spectra where each wavelength is a different dimension) through the algorithm and receive low dimensional coordinates for each multidimensional point (an SSP spectrum) that encode how similar the multidimensional points in the data set are. This process is called diffusion mapping. We call the lower dimension space the mapped points occupy the diffusion space. Diffusion mapping compares each multidimensional point to all the other points in the data set. Thus, diffusion k-means is sensitive to detecting amplitude and shape differences between multidimensional points. As a consequence, depending on the goals of running diffusion k-means, one might need to normalize or pre-process the multidimensional data set to remove fixed scale offsets that would show up as differences between the data (spectra) before running the algorithm. After diffusion mapping the multidimensional points in a data set, one can then perform the k-means clustering algorithm in the diffusion space to group the most similar data points into k groups.
Our first step in creating a diffusion k-means basis set for spectral fitting is to select which SSPs will be mapped then grouped. We found that the age 0.125 Myr -0.891 Myr SSPs in the Chabrier IMF, solar metallicity subset of BC03 have identical spectra and did not include SSPs younger than 0.891 Myr, leaving 203 solar metallicity SSPs from BC03. We also perform a time cut, restricting ourselves to SSPs with ages younger than or equivalent to the current age of the universe (13.5 Gyr) leaving 177 SSPs.
Since we want to group SSPs based on stellar features and spectral shape not amplitude (naturally the youngest SSPs have the highest luminosities), our second step is to normalize each SSP by its average luminosity in the wavelength range 3600 -8500Å before running them through the diffusion k-means algorithm. We found that there were differences in the final diffusion k-means groupings depending on whether we normalize by the median or average, and we settled on using the average since the bases formed using the median normalization did not seem to represent a variety of spectral shapes as well as the bases formed using the average normalization. Because diffusion k-means is sensitive to normalization and wavelength coverage, interested readers should explore what works best for their own applications and tailor diffusion k-means appropriately. Our selected and normalized SSPs are next used to form a diffusion map. We use the diffuse function from the diffusionMap package, written in R by Joseph Richards (R Core Team 2012; Richards et al. 2009 ). This function takes an additional tuning parameter in the mapping, ǫ, the diffusion constant. The parameter ǫ modifies the shape of the distribution of points (SSPs) in the diffusion space. We choose this constant empirically to qualitatively minimize outliers, smooth the distribution of points in the diffusion space, and ensure that the ages of the constituent SSPs do not overlap from one group to another. We found empirically that ǫ = 70 worked well by generating several diffusion maps and only varying epsilon until the desired conditions above were met. For a different multidimensional data set, one would have to tune ǫ again.
Our final diffusion map reduces the 4901 (number of wavelengths) dimension data to 3 dimensional coordinates for each SSP. In this 3-D space, the closer two points (SSPs) lie to each other the more similar they are. The 177 SSPs are plotted in this diffusion space, color coded by their final k-means group in Fig. 2 . Additionally, the individual SSPs used by Cid Fernandes et al. (2005) are circled. The first k-means group has the youngest average age. The fourth k-means group has the oldest age.
Using the diffusion map of the 177 SSPs, we can then group similar SSPs together. We use the diffusionkmeans function from the diffusionMap package, which uses kmeans, to group the SSPs into k groups inside the diffusion space. Each of these groups is used to form a new base spectrum in the basis set for modeling stellar populations by averaging the individual SSPs in the group as described below.
Our interest in modeling the stellar populations and scattered quasar light of low signal-to-noise spectra drive us to choose as small a k as possible while remaining physically interesting and capable of recovering an accurate star formation history. We initially tried k = 3, but with k = 3, the diffusion k-means basis set had trouble fitting strongly peaked star formation histories and recovering the correct reddening of the host galaxy, even for high signal-to-noise data. Consequently, we increased k to 4.
It is worth noting that diffusion k-means does not necessarily return the same groupings of the SSPs in multiple runs for a given k because of the nature of the k-means algorithm. In the k-means step, k centroids are randomly chosen in the diffusion map. Each SSP is then assigned to belong to the group of the closest centroid. For the k groups of SSPs, updated centroids are then calculated. This process Simple Stellar Population Modeling of Low S/N Galaxy Spectra and Quasar Host Galaxy Applications 5 The spectra are color coded by the diffusion k-means group they belong with group 1 in blue, group 2 in green, group 3 in orange, and group 4 in red. of assigning and updating is repeated for 10 iterations. Because of the stochasticity of the initialization, it is possible to get different groupings. However, if the k-means algorithm has converged on a local optimum, the k-means groupings should not change. In Fig. 3 , we show the mean diffusion kmeans group assignments of the included SSPs for 100 runs of the diffusionkmeans function for k = 4. The standard deviations of the group assignments are plotted as vertical error bars. Fig. 3 shows that the assignments of the first two groups are very stable. In fact, the least stable assignments only happen on the endpoints of the third group, but these assignments only affect the grouping of 4 SSPs out of 177 total.
Once the 177 SSPs are grouped by k-means into 4 groups, we perform a weighted average of all the SSPs in each group. Performing this weighted average normalizes each new diffusion k-means base to form 1 M⊙ in the time spanned by the SSPs composing the average. Revisiting the formalism from §2.1, in the case of using the reduced basis set, we can think of the luminosity of a galaxy at a given wavelength by:
where D(λ, Z⊙,t k ′ ) is the luminosity of a weighted average of the solar metallicity SSPs in the k ′ th diffusion k-means group at wavelength λ (Eqn. 3). The a k ′ 's still represent the number of solar masses formed but now over the time spanned by the k ′ th base. Note that though we normalize the SSPs by their average luminosity for diffusion mapping, the SSPs are not normalized to form each of the k basis spectra.
In the new formalism of Eqn. 3 with averaged SSPs, the weights, wi, in the averaging are defined to be the time spanned between the two nearest midpoints of adjacent SSPs, given in Eq. 4 with t corresponding to the age of the SSP. The endpoints are treated differently. The first SSP's weight is defined as the time between the present and the midpoint between the first 2 SSPs. The last SSP's weight is defined as the time between the midpoint between the last 2 SSPs and the age of the universe, which is the age of the last SSP.
, for i = 1
The age of the first SSP corresponds to t1, and N is the total number of SSPs. tN is 13.5 Gyr. How the SSPs are combined is a choice we must make. We use a weighted average with the weights in Eqn. 4 as opposed to a simple arithmetic mean because the SSPs in BC03 are not evenly spaced in time.
Using the weights defined in Eq. 4, our average of the SSPs
Simple Stellar Population Modeling of Low S/N Galaxy Spectra and Quasar Host Galaxy Applications 7 Figure 3 . The average group assignment (1st -4th) for each SSP included in the diffusion k-means process. The error bars show the standard deviation of an SSP's group assignment. The dashed vertical line shows 6 Gyr. For reasons given in §2.2.2 we decided to allocate SSPs younger than 6 Gyr to the 3rd group and SSPs at 6 Gyr and older to the 4th group.
in a k-means group approximates the integrated spectrum of stars formed between the oldest and youngest SSP of each k-means group assuming star formation has been constant across the time interval spanned by the base. The 4 bases formed from this weighted average are assumed to have the average properties of the SSPs comprising them. Looking at the diffusion k-means groupings in Fig. 3 , we noticed that the oldest group spanned ∼10 Gyr. Though it is reasonable that diffusion k-means would group all of the age 1.0 Gyr SSPs together (their spectra are very similar), it has been shown that star formation histories are not usually constant over such long time spans (Pacifici et al. 2013) . As a quick remedy to this, we simply divide the last group into 2 groups at its approximate midpoint, 6 Gyr (a dashed pink line in Fig. 3 marks this time). SSPs younger than 6 Gyr move into the 3rd group. SSPs older or equal to 6 Gyr in age move to the last group. The groups of spectra are then averaged as mentioned above. These 4 bases are then used as the diffusion k-means basis set hereafter referred to as the DFK-AVG basis set. Table 1 lists the age ranges of the bases formed from diffusion k-means alongside the other basis sets to be tested. This set of model spectra is shown in Fig. 1b .
Diffusion k-means provides a quantitative description of how similar our initial set of 177 SSPs are to one another. This gives us the freedom to meaningfully reduce the basis set size to k=4 for our anticipated application of analyzing low signal-to-noise data. Because we can now confidently group similar SSPs, by performing a weighted average of them, we avoid choosing a subset of individual SSPs. This choice, however, is traded for another. By using weighted averages of the individual SSPs, we are assuming that the star formation history is constant over the time spanned by the SSPs in each base. Consequently, instead of modeling a galaxy with a star formation history composed of delta functions, we are now modeling a galaxy with a star formation history that is continuous, but constrained to be constant from t= 0 -5 Myr, 5 -404 Myr, 0.4 -5.7 Gyr, and 6 -13.5 Gyr. It would be possible to adjust the weighting on the diffusion k-means bases to represent any given SFH, but we choose constant as a reasonable "maximum ignorance" starting point. For the first and second bases, the time scales spanned ( ∆t = 5 and 400 Myr) are short enough for constant SFR to be a reasonable approximation for most galaxies. For the third and fourth bases, ∆t is large (∼6 Gyr) so our assumption of a constant SFH may be unrealistic. However, since the SSP spectra evolve very gradually at these ages, the weighted average basis is only weakly sensitive to the assumed SFH. In §3 we will test how well our diffusion k-means bases can represent realistic galaxy SFHs. Diffusion k-means offers useful quantitative constraints for spectral fitting basis set selection while still allowing some liberties to the user.
Constant Light Fraction Basis Set Formation
In the case of modeling a galaxy spectrum with a limited number of bases, one concern might be that one spectrum among the chosen set of bases might not contribute a significant fraction of light in a typical galaxy spectrum. Such a base would be extraneous. To test whether analyzing data with a basis set whose constituents contribute equal light yields significantly different results than the DFK-AVG basis set, we form the constant light fraction (CONSTLF) basis set. We specifically choose this basis set to have equal light fractions for each base's spectrum. The light fraction of an SSP or base is calculated by taking the ratio of the total integrated light of the spectrum (Eqn. 5) in question and the sum of the integrated light of all the other SSPs or bases according to Eq. 6 over the wavelength range 3600 -8500Å.
Ni is defined as the integrated luminosity for wavelengths between and including 3600 -8500Å for the ith spectrum:
The light fraction is the following with the wi's as the weights defined in Eqn. 4.
We group the 177 SSPs sequentially by age into 4 groups that each contribute approximately one quarter of the light using the same time averaging described for the DFK-AVG basis set. For the k ′ th CONSTLF basis set spectrum, C(λ, Z⊙,t k ′ ), the light fraction is as follows:
The derived age ranges for the CONSTLF basis set along with the similarly derived DFK-AVG light fractions are listed in Table 1 . The CONSTLF basis set of model spectra is shown in Fig. 1c . Note that the CONSTLF basis set's youngest spectrum has a different shape than the other 3 basis sets. This is because the CONSTLF basis set averages together more young SSPs over a larger age bin.
DFK-SSP Basis Set Formation
For the DFK-AVG and CONSTLF basis sets, we average groups of SSPs. But, to test if using a low number of single SSPs would be sufficient, we also form a basis set using the individual SSPs closest to the mean ages of the 4 DFK-AVG bases. The ages of the 4 single SSPs selected in this manner are listed in Table 1 . This DFK-SSP set of model spectra is shown in Fig. 1d and are hereafter referred to as the DFK-SSP basis set.
BASIS TESTING
Our aim in this paper is to test if we can reliably and accurately recover star formation histories from low signal-tonoise data by decreasing the number of and judiciously selecting bases used in a spectral fitting by inversion technique. Accomplishing this will allow us to comfortably analyse low signal-to-noise data such as that obtained observing quasar host galaxies. We first compare and test the reduced basis sets (described in §2, shown in Fig. 1 ) in the absence of the complexity of scattered quasar light using synthetic galaxy spectra as inputs to sspmodel.
Model Galaxy Star Formation Histories
For these basis set comparison tests, we use two exponential star formation histories (commonly called τ models). These star formation histories assume that the star formation rate for a galaxy decreases exponentially with time with some characteristic e-folding time, τ :
where ψ(t) is the star formation rate and t is time.
We select a τ = 2 Gyr model as one of our fiducial star formation histories to represent an early-type galaxy in accordance with the findings of Thomas et al. (2005) . A galaxy with τ = 2 Gyr has a strongly peaked star formation history forming 50 per cent of its stars between 12.1 -13.5 Gyr ago and 90 per cent of its stars between 8.9 -13.5 Gyr ago. We select a τ = 10 Gyr model as our second fiducial star formation history to represent a late-type galaxy. A galaxy with τ = 10 Gyr has a star formation history that declines more gradually with time. A τ = 10 Gyr galaxy forms 50 per cent of its stars between 8.9 -13.5 Gyr ago, 90 per cent of its stars between 2.5 -13.5 Gyr ago. Both star formation histories are shown in Fig. 4 . The right panel shows the star formation histories with a logarithmic scale for the time axis. The left panel shows the time on a linear scale. Lines mark the edges of the age bins formed using the age ranges of the DFK-AVG basis set listed in Table 1 .
In addition to testing each basis set's recovery of the two fiducial star formation histories, we also test how well each basis set can recover the star formation history of a galaxy with a recent burst of star formation. Current theories of galaxy evolution predict that star formation accompanies black hole growth (e.g., Hopkins et al. 2006 Davies et al. 2007 ). Moreover, if quasar feedback quickly quenches star formation, this burst will be short. In order to test how well the basis sets recover star formation histories with bursts, we add a Gaussian burst with a full-widthhalf-max of 100 Myr and a mass fraction of 10 per cent of the total stellar mass formed by the present day to the two fiducial star formation histories. We test two burst star formation histories: one in which the galaxy is observed at the peak of the burst and one in which the galaxy is being observed 100 Myr after the peak of the burst. Note, for the star formation history in which the galaxy is observed at the peak of the burst, the burst mass fraction is 5 per cent of the total mass formed; the remaining 5 per cent would be formed in the future. These star formation histories are also shown in Fig. 4 .
We use BC03's GALAXEV program to generate the integrated spectra of galaxies with the 6 chosen star formation histories at the current age of the universe (13.5 Gyr using our adopted cosmology). We then redden the galaxy spectra according to Cardelli, Clayton & Mathis (1989) with a Vband attenuation AV = 1.0 for all tests. We then add noise to make the S/N ∼ 5Å −1 at all wavelengths. Three hundred independent noise realizations are generated for each star formation history and basis set. We then run sspmodel on each realization using the Center for High Throughput Computing at the University of Wisconsin-Madison.
To judge the accuracy and precision of recovered quantities for each basis set, we look at histograms (of the 300 realizations) of the reduced chi-square of the fits to the input spectra and 3 measured quantities: (1) the mass-to-light ratio, (2) the V -band attenuation, AV , and (3) the mass fraction in 4 broad age bins (Y-young, I1-intermediate 1, I2-intermediate 2, and O-old) listed in Table 1 . For the DFK-AVG, CONSTLF, and DFK-SSP basis sets, the mass fractions are simply the ratios of the derived masses for each base to the total stellar mass formed. For the TB basis set, the mass fraction is the ratio of the sum of the recovered mass of each TB base within a given broad age bin to the sum of all the recovered mass by the TB basis set. The results for the τ = 2 Gyr tests are presented in §3.2. Those for τ = 10 Gyr are in §3.3.
The results for tests using the CONSTLF basis set are discussed separately from the other basis sets in §3.4. This is because the mass fractions for the CONSTLF basis set are not divisible into the same broad age bins as the DFK-AVG, TB, and DFK-SSP basis sets. The burst star formation history test results are summarized in §3.5.
Tau = 2 Gyr Model Results
The results from using sspmodel with the DFK-AVG, TB, and DFK-SSP basis sets for the low signal-to-noise, earlytype (τ = 2 Gyr) synthetic galaxies are summarized in Fig.  5 and Table 2 . In particular note the "Mean Frac'l Error" and "95 Percentile" columns in Table 2 . Definitions for these two columns are found in the caption of Table 2 . Together these quickly indicate the accuracy and precision, both expressed in terms of fractional deviations from the true input model value of the parameter in question. Our major findings for the early-type galaxy tests are: (1) the TB, DFK-AVG, and DFK-SSP basis sets can all reproduce the input galaxy spectrum well; (2) all basis sets tested recovered a Simple Stellar Population Modeling of Low S/N Galaxy Spectra and Quasar Host Galaxy Applications 9 mean AV to within 5 per cent of its input value; (3) though the DFK-AVG and DFK-SSP basis sets recovered systematically different mass-to-light ratios than the input and the TB basis set, this is easily understood, and their results are more precise; lastly, (4) each basis set recovered reasonable mean mass fractions for the Y and I1 age bins given their small light and mass fractions and accurate mean mass fractions for the O age bin. For these early-type galaxy tests, each basis set was able to produce reasonable best-fitting model spectra for the noisy input spectra. In Fig. 5 , it is readily apparent that the best-fitting spectra of all three basis sets do an equally good job at fitting the input spectrum from the top panel. This conclusion is also supported by the first left middle panel of Each basis set also recovered accurate values of the Vband attenuation. Looking at these histograms for AV , it is clear each basis set reasonably recovers the input AV . There are some differences in accuracy. The mean value of AV recovered by the TB basis set is 4 per cent percent closer to the input AV than the DFK-AVG basis set's recovered mean and 1.5 per cent closer to the input than the DFK-SSP basis set's recovered mean. But, these small differences are likely insignificant given uncertainties imposed by the choice of dust attenuation curves.
The DFK-AVG and DFK-SSP basis sets recovered less accurate mass-to-light ratios in the V band (M/LV ) than the TB basis set, but the DFK-AVG and DFK-SSP basis sets were more precise (narrower histograms) than the TB basis set in their reported values of M/LV . In the second middle panel, the DFK-AVG and DFK-SSP basis set results are offset from the expected value of M/LV by about 16 per cent and 13 per cent, respectively. We can understand this offset by looking at Fig. 4 . For the largely old and steeply peaked star formation history of the synthetic early-type galaxy (τ =2 Gyr), most of the star formation and thus light in the spectrum comes from stellar populations in the O age bin. To fit the light from this old stellar population with the DFK-AVG basis set, sspmodel will primarily use the O base. The O base, however, is an average that includes stellar populations younger than the vast majority of stars comprising the input spectrum that will contribute more light for their mass. Therefore, to match the input spectrum's light, sspmodel will find it needs less of the O base (less mass in the O age bin). Consequently, the mass-to-light ratio recovered by the DFK-AVG basis set will be systematically low. The results in Fig. 5 and Table 2 show that the recovered M/LV values from the TB basis set vary by as much as 13 per cent of the mean recovered M/LV value 95 per cent of the time; whereas for the DFK-AVG basis, though the results are offset, the recovered M/LV values only vary by at most ∼2 per cent of the mean recovered M/LV value. In fact, for the 6 parameters recovered (AV , M/LV , Y, I1, I2, O), the DFK-AVG basis set has the most precise results in all but the I1 age bin for this star formation history. This precision of recovered parameters can be an attractive property when analyzing single galaxy spectra provided that any systematics can be corrected. In practice, though, the systematic offset we see in the mass-to-light ratio is small compared to the uncertainty in the mass-to-light ratios due to metallicity, abundance ratios, and the initial mass function (cf. Smith 2014). Fig. 5 shows that each basis set recovers adequate mass fractions in the Y and I1 age bins in the sense that the input and recovered mass fraction values for these age bins are both small. The scatter in these histograms is not surprising Figure 5 . The results of running sspmodel on 300 realizations of a synthetic early-type (τ = 2 Gyr) galaxy spectrum with S/N ∼ 5Å −1 for the DFK-AVG, TB, and DFK-SSP basis sets. The top panel shows one of the input spectra in black with the best-fitting spectra for each of the three basis sets overplotted in color. The three best-fitting spectra are difficult to distinguish by eye as they are quite similar to each other and largely overlap on the plot. In the middle and lower panels the results of the DFK-AVG basis set are shown as a red solid line; TB as a blue dashed line; and DFK-SSP as a green dot-dashed line. The middle panel shows histograms of the reduced χ 2 , the V -band mass-to-light ratio, and the V -band dust attenuation. For reference, we also show the fraction of light in the input spectrum (summed over λ = 3600 − 8500Å) in our four broad age bins: Y (0-5 Myr); I1 (5-404 Myr); I2 (0.4-5.7 Gyr); and O (6-13.5 Gyr) from Table 1 . The bottom row shows the histograms of the recovered mass fractions in each age bin. Note that in all histograms the horizontal axis was chosen to display all values selected by each basis set. The input or expected values are plotted as vertical dashed black lines in the histogram plots. Each basis set manages to fit the spectrum's light and recover a reasonable star formation history. But, the DFK-AVG and DFK-SSP results are more precise as evidenced by their narrower histograms.
given the low fraction of the light and mass estimated to come from the Y and I1 populations ( 1 per cent) as seen in the third middle panel. Thus, the scatter about these nearly zero values is of little practical significance.
For the intermediate age bin, I2, each basis set has trouble recovering an accurate mass fraction even though the light fraction estimated for this population is about 7 per cent. Note that in Fig. 5 , the DFK-AVG and the DFK-SSP I2 histograms appear to find the correct mean mass fraction, but this is merely due to the coarse binning required to show the more discrepant values recovered by the TB basis set. Each basis set's mean mass fraction for the stellar populations in age bin I2 is >50 per cent away from the expected value (see Table 2 ). These results suggest that populations in the I2 age bin contributing < 7 per cent of the light in low signal-to-noise spectra are not likely to be recovered well. Note also in Fig. 5 that the presence of discrepant values that form the tails of the TB basis set's distributions of recovered mass fractions in age bins I2 and O are indicative that the TB basis set is having more trouble selecting which stellar populations to use (those of the I2 or O age bin). As a result, the TB basis set trades off between the two age bins.
For the stellar populations in the O age bin, each basis set tested accurately recovered the mass fraction. The DFK-AVG and DFK-SSP basis sets recovered the correct mean mass fraction in the O age bin to within 2 per cent of the input value. The TB basis set recovered a mean mass mass fraction to within 4 per cent of the input value. This result is not surprising since the populations in the O age bin contributed the most light and mass for this star formation history.
To summarize, we find that for a typical early-type galaxy spectrum each basis set tested can reproduce the noisy input spectrum and adequately recover host galaxy AV . The TB basis set more accurately determines the massto-light ratio of the spectrum-though with more scatterthan the DFK-AVG and DFK-SSP basis sets, but we understand this systematic offset. We also find each basis set recovers reasonable mean mass fractions of the youngest stellar populations in age bins Y and I1 and accurate mean mass fractions of the oldest stellar populations in age bin O that account for the majority of the light. And in general, we find that the DFK-AVG basis set recovers more precise parameter values.
Tau = 10 Gyr Model Results
The results of the DFK-AVG, TB, and DFK-SSP basis sets on the low signal-to-noise late-type synthetic galaxy spectra (τ = 10 Gyr) are summarized in Fig. 6 and Table 2 . The main findings are that (1) each basis set was able to reproduce the input spectrum and recover an accurate mean for the host galaxy AV , (2) all basis sets except the DFK-SSP basis set recovered an accurate mean mass-to-light ratio, and (3) the DFK-AVG and TB basis sets recovered more accurate star formation histories than the DFK-SSP basis set with the DFK-AVG basis set recovering the more precise and accurate star formation history.
In Fig. 6 , looking at the top panel containing a sample input spectrum and the different basis sets' fits in conjunction with the panel of the histograms of reduced χ 2 , it is evident once again that all of the basis sets were able to successfully fit the noisy spectra. Each basis set was also able to recover a mean host galaxy AV accurately to within 2 per cent of the input value. Both the DFK-AVG and TB basis sets recovered mean values of AV within 1 per cent of the input value.
With regard to the mass-to-light ratio, the DFK-AVG and TB basis sets recovered the correct mass-to-light ratio more accurately than the DFK-SSP basis set. The mean values of the recovered mass-to-light ratio of the DFK-AVG and TB basis set runs were accurate to within 10 per cent of the expected value for M/LV , but the DFK-SSP basis set's mean value of M/LV was only accurate to within 25 per cent. Since the τ = 10 Gyr star formation rate changes slowly with time across all of the age bins defined by the DFK-AVG basis set (see Fig. 4 ), our implicit assumption of constant star formation in the formation of our DFK-AVG basis set is reasonable. As a result, unlike in the early-type galaxy tests, the mass-to-light ratio is recovered well by the DFK-AVG basis set. Similar to the results in the early-type galaxy star formation history tests, the DFK-AVG basis set recovered more precise M/LV values than the TB basis set. These late-type galaxy star formation history tests show that 95 per cent of the time the DFK-AVG basis set's estimate for M/LV only varied at most 31 per cent from its mean value of M/LV . But, estimates of M/LV from the TB basis set varied by at most 46 per cent of its mean value of M/LV .
In recovering the late-type galaxy star formation history, each basis set recovered a consistent mean mass fraction of the youngest stellar populations in age bin Y as seen in the bottom left panel of Fig. 6 , though the DFK-AVG basis set recovered the most accurate mean value. The bottom panels of Fig. 6 show that the mean mass fractions recovered for the I1,I2, and O age bins are fairly accurate for the DFK-AVG and TB basis sets with the more accurate and precise means belonging to the DFK-AVG basis set. Table  2 more precisely shows that the DFK-AVG basis set mean mass fractions for these age bins are within 10 per cent of the expected values. The mean mass fractions recovered by the TB basis set are within 49 per cent of the expected values. As explained above, the τ = 10 Gyr star formation history is well matched to the DFK-AVG basis set, so it is not surprising that the DFK-AVG basis set performs well. But, the DFK-SSP basis set recovered the least accurate mean mass fractions for the I1, I2, and O age bins. Since the DFK-SSP basis set is a set of SSPs, or 4 discrete bursts, it is not well matched to the approximately constant star formation history of this τ = 10 Gyr test. This is likely why the mean mass fractions recovered by the DFK-SSP basis set are not as accurate.
In summary, we find that for a typical late-type galaxy spectrum, each basis set was able to reproduce the noisy input galaxy spectrum and recover host galaxy AV . The DFK-AVG and TB basis sets do a better job at recovering an accurate mass-to-light ratio and the star formation history in the broad age bins. Specifically, the DFK-AVG basis set is generally more accurate (in each case of recovered parameters) and precise (in all but the AV and Y mass fraction). The DFK-SSP basis set, however, had more trouble than the DFK-AVG and TB basis sets in recovering the massto-light ratio and the star formation history. We require a basis set that has at least the versatility of fitting both early and late-type galaxy spectra, so in light of these results, we exclude the DFK-SSP basis set from further analysis.
Constant Light Fraction Basis Set Results
The results of the CONSTLF basis set on the low signalto-noise early-type and late-type galaxies are tabulated in Table 3 and summarized graphically in Fig. 7 alongside the results for each star formation history tested. Fig. 7 plots the mean fractional error of each parameter with the range of fractional error values about the mean as error bars. The fractional error is the difference of the recovered value and the true value divided by the true value.The constant light fraction basis set, CONSTLF, cannot be binned the same as the DFK-AVG basis sets, so we analysed its results separately. Similar to the other 3 basis sets tested, the CON-STLF basis set can reproduce the spectrum of a synthetic galaxy with a τ = 2 or 10 Gyr star formation history and does so with similar precision as determined from its distribution of χ 2 ν . But, when we compare the accuracy of the CONSTLF basis set to the accuracy of the DFK-AVG and TB basis sets using the mean fractional error in Table 2 and  Table 3 it is generally less accurate. Given these results, we also exclude the CONSTLF basis set from further tests.
Burst Model Testing Results
The results of the TB and DFK-AVG basis sets on the low signal-to-noise synthetic galaxies with the 4 burst star formation histories described in the beginning of §3.1 are summarized in Table 2 and in Fig. 7 . For the basis testing with the bursts, we do not test the DFK-SSP and CONSTLF basis sets for the reasons previously stated.
For all of the burst star formation histories, we find that both the DFK-AVG and TB basis sets can recover mean host galaxy AV 's within 10 per cent of its input value. The DFK-AVG basis set has the most precise parameter values recovered for the primary 6 parameters for all burst star formation histories, but Fig. 7 and Table 2 show that the DFK-AVG and TB basis sets have more accurate mean mass G. Mosby, Jr. et al. Table of results from using the DFK-AVG, TB, and DFK-SSP basis sets to analyze synthetic galaxies for 6 star formation histories. The data is arranged by star formation history vertically, and by basis set horizontally. Under each basis set heading, there are 4 columns: (1) mean value recovered by the basis set out of the 300 runs, (2) median value recovered, (3) the fractional error of the mean value recovered (i.e. the difference of the mean and the true value divided by the true value), and (4) the range of fractional error values, not parameter values, containing the central 95% (about the mean) of the 300 recovered values for each parameter. Column (3) measures the accuracy of a basis set. Column (4) measures the precision. The DFK-AVG basis set is quite often the most precise. For the 6 parameters of interest (AV , M/LV , Y, I1, I2, O) for the 6 star formation histories below, DFK-AVG is the most precise basis set 33 out of 36 times. Regarding accuracy, the DFK-AVG and TB basis sets are closer to being evenly matched. DFK-AVG has the most accurate mean 17 out of 36 times. The TB basis set has the most accurate mean 16/36 times. 
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Simple Stellar Population Modeling of Low S/N Galaxy Spectra and Quasar Host Galaxy Applications 13 Figure 6 . The results of running sspmodel on 300 realizations of a synthetic late-type (τ = 10 Gyr) galaxy spectrum with S/N∼5Å −1 for the DFK-AVG, TB, and DFK-SSP basis sets. See Fig. 5 for plot description. Note that all basis sets reproduce the input noisy spectrum, but the DFK-AVG basis set consistently recovers accurate and precise parameters.
fractions in different star formation histories in different age bins. For the early type galaxy observed at the burst peak, the DFK-AVG basis set has more accurate mean mass fractions in all age bins. The DFK-AVG basis set also has more accurate mass fractions in the Y (0.8 -5 Myr) age bin for the 3 other burst star formation histories. As a result, the DFK-AVG basis set more accurately resolves the burst for the two peaking star formation histories as seen in the right panel of Fig. 7 . The TB basis set has more accurate mean mass fractions in the I1 (5.5 -404 Myr) age bin for the 3 remaining star formation histories. For the late type galaxy at the burst peak, the TB basis set also has a more accurate mean mass fraction in the I2 (0.45 -5.75 Gyr) and O (6.0 -13.5 Gyr) age bins. For the late type galaxy 100 Myr after the burst peak, the TB basis set additionally has a more accurate mean mass fraction in the I2 age bin. Even though the TB and DFK-AVG basis sets mean mass fractions do not paint a clear picture of which basis set may be preferred overall, the mean light fractions in Fig.  7 for the DFK-AVG basis set show some promise. Looking at the trends in the mean light fractions, we can see that both basis sets can distinguish a galaxy undergoing a burst now (middle two panels) and a galaxy in a post-starburst phase (bottom two panels). Where the DFK-AVG basis set shines, however, is in correctly predicting the relative light fractions for the bursting galaxy. The means for the TB light fractions in the middle two panels incorrectly predict the age of the stellar populations producing more light. The capability of accurately distinguishing a bursting and poststarburst galaxy star formation history could make using the DFK-AVG basis set a useful tool in observational tests of galaxy evolution models.
From Fig. 7 another important drawback of the TB basis set can be illustrated. Looking at the results for the early type galaxy observed at the peak of a burst of star formation (third panel on the left), one can see that the TB basis set recovers an inaccurate mean mass fraction in the I1 age bin-more than 100 per cent higher. However, looking at the adjacent light fraction panel, TB seems to recover a mean light fraction only about 50 per cent different than the input in that very age bin. The source of this apparent mismatch is the TB basis set's use of SSPs that can match the light of an input spectrum but can have disparate mass-to-light ratios. The I1 age bin contains 5 TB SSPs. The TB basis set in modeling can choose any of these spectra to match the light from stars in this age bin, but the mass-to-light ratio of the oldest SSP in this age bin is nearly 8 times larger than the mass-to-light ratio of the youngest SSP in this bin. Consequently, unless the appropriate mix of SSPs is chosen, the TB basis set can fail to recover an accurate mass fraction while performing relatively better at recovering light fractions.
In summary, we find both the DFK-AVG and TB basis sets were able to accurately recover galaxy AV for galaxies undergoing short bursts. We found that the DFK-AVG basis set recovered the most precise parameter values. Addition- Table 2 . Columns "Mean Fract'l Error" and "95 Percentile" are represented graphically in Figure 7 . In general, the CONSTLF basis set can reproduce the input spectrum, but its accuracy and precision are not often better than the other 3 basis sets tested. ally, we found in general the DFK-AVG basis set recovered more accurate mean mass fractions in the youngest age bin. The TB basis set generally found more accurate mass fractions in the intermediate age bins. Given these results, it is difficult to endorse one basis set over the other in analyzing the star formation histories of quasar host galaxies. Thus, we test both basis sets by analyzing synthetic quasar host galaxy data and a published quasar host galaxy.
QUASAR HOST GALAXY COMPARISON
The goal of this paper is to test a new method of stellar population modeling that could be used on low signal-to-noise spectra, particularly those of quasar host galaxies. In §2 and §3, we found that the TB and DFK-AVG basis sets were the most promising basis sets in the simpler scenario of analyzing noisy galaxy spectra without signal from a strong active nucleus. In this section, we put both basis sets to the test on low signal-to-noise longslit observations of simulated quasar host galaxies and the quasar host galaxy PG 0052+251. The main difference between modeling quiescent galaxy spectra and modeling quasar host galaxy spectra is that we must now account for and model any quasar light from the wings of the PSF that enter our galaxy observations. This is commonly called scattered quasar light. To model the scattered quasar light present in real quasar host galaxy observations, our code sspmodel accepts as input an on-axis spectrum, acquired with the slit centred on the QSO and an off-axis spectrum, acquired with the slit offset from the QSO. sspmodel then uses an analytic function to estimate the fraction of quasar light scattered by atmospheric turbulence into the off-axis spectrum as a function of wavelength 2 . Previously, functional approximations (polynomial and power law) were used to model the scattered quasar light (Wold et al. 2010; Miller & Sheinis 2003) . In this paper, however, given a known instrument set-up (slit width, extraction width, and offset of the off-axis spectrum) the only free parameter we need in order to estimate the scattered QSO light is the seeing (see Appendix for details).
Model Quasar Host Galaxies
To test whether the TB and DFK-AVG basis sets can recover the stellar populations of quasar host galaxies, we generate 300 noise realizations of quasar host galaxy spectra composed of 20 per cent, 50 per cent, and 70 per cent scattered quasar light for two star formation histories: the exponential decay model, τ = 10 Gyr, and the τ = 2 Gyr model with a Gaussian burst observed at the burst peak from §3.3 and §3.5, respectively. We use these star formation histories as we might expect recent star formation in quasar host galaxies (e.g., Di Matteo, Springel & Hernquist 2005; Hopkins et al. 2008) . We then input the synthetic pairs of observations into sspmodel.
Simple Stellar Population Modeling of Low S/N Galaxy Spectra and Quasar Host Galaxy Applications 15 Figure 7 . The results of sspmodel for the DFK, TB, DFK-SSP, and CONSTLF basis sets for the 6 star formation histories tested. The fractional error of the mean (i.e. the difference of the mean and the true value divided by the true value) of M/L V , A V , and the mass fractions in the 4 broad age bins defined in Table 1 Tables 2 and 3 (columns "Mean Fract'l Error" and "95 Percentile" ). The input star formation history's light fraction in these broad age bins is shown on the right panels with the mean values of each basis set plotted as points with error bars that show the range of values that 95 per cent of the recovered values have for each basis set (CONSTLF is not included as it has different age bins). Note there are two TB points missing in the third and fifth rows on the left because the mean fractional errors lie outside the plotting limits. The DFK-AVG basis set's results are often the most precise (small error bars) and just edge out the TB basis set in having more accurate means (closer to zero axis). On the right, the DFK-AVG basis set does a noticeably better job of resolving the burst in galaxies observed during a peak in star formation.
We simulate longslit observations of a quasar host galaxy by generating both on-axis (slit centreed on the QSO) and off-axis (slit centred 2 arcsec from the QSO) observations, modeling the observing technique used in e.g., Miller & Sheinis (2003) . We use the median SDSS composite quasar spectrum (Vanden Berk et al. 2001 ) uniformly scaled to 6 different luminosities in the V -band (see Table 4 ) as our QSO spectrum. These luminosities are chosen to sample 20 per cent, 50 per cent, and 70 per cent scattered QSO light fractions for the two star formation histories tested. These scattered quasar light values refer to the sum total of scattered QSO light divided by total of all light in the off-axis observations.
In forming our synthetic quasar host galaxy observations, we assume a longslit width of 1 arcsec for both the on and off-axis observations. We assume an extraction width Figure 8 . The results of running sspmodel on 300 realizations of a synthetic quasar host galaxy spectrum (S/N ∼ 5Å −1 ) with an underlying early-type (τ = 2 Gyr) galaxy undergoing a Gaussian burst (observed at the burst peak) for the DFK-AVG and TB basis sets. The top panel shows one of the input spectra in black with a best-fitting spectra for each of the two basis sets over-plotted in color. In the middle and lower panels the results of the DFK-AVG basis are shown as a red solid line and TB as a blue dashed line. The middle panel shows histograms of the reduced χ 2 , the V -band mass-to-light ratio, the fraction of light in the spectrum (summed over λ = 3600 − 8500Å) that is scattered QSO light, and the V -band dust attenuation. The bottom row shows the histograms of the recovered mass fractions in each age bin. Note that in all histograms the horizontal axis was chosen to display all values selected by each basis set. The input or expected values are plotted as vertical dashed black lines in the histogram plots. The DFK-AVG basis set again produces more precise and accurate results than the TB basis set. The long tails on the TB histograms suggest the larger basis set of SSPs has trouble distinguishing the stellar populations present. Table 4 . The quasar scattered light, seeing, and host galaxy and quasar properties for the synthetic quasar spectra tested in §4.1. The M V , L gal , and Lqso are the total, spatially integrated values.
SFH
Fraction Scatt. Light On/Off Seeing (arcsec) (width perpendicular to dispersion direction) of 1 arcsec for the on-axis observation and 3.5 arcsec for the off-axis observation. With these values held fixed, assuming atmospheric seeing dominates the PSF, the fraction of scattered quasar light in the off-axis spectrum is solely determined by the seeing in the on and off-axis observations and the brightness of the QSO. We assume a double Gaussian point spread function (PSF) dominated by the atmospheric seeing parameter in both the on and off-axis observations. A single Gaussian PSF would underestimate the wings of the light profile of the QSO (e.g., Trujillo et al. 2001) . The double Gaussian avoids this issue. We further make the simplifying assumption that the seeing during the on-axis observation is the same as the seeing for the off-axis observations as typically these observations are done close in time. This means that the fraction of the on-axis observation's light required to match the scattered quasar light in the off-axis spectrum is determined by effectively only one seeing parameter. We fix this seeing parameter at the value 1.7 arcsec for all synthetic observations. Figure 9 . The results of sspmodel for the DFK-AVG and TB basis sets for the 2 star formation histories tested with 3 QSO fractions described in §4.1. The fractional error of the mean of M/L V , A V , and the mass fractions in the 4 broad age bins defined in Table 1 are shown with 95 percentile intervals as error bars in the left series of panels. The error bars show the range of fractional errors that 95 per cent of the recovered values have for each basis set. The input star formation history's light fraction in these broad age bins is shown in the right panels with an additional bar showing the fraction of the light that is QSO scattered light (Q). Again the mean light fraction of each basis set is plotted as points with error bars that show the range of values that 95 per cent of the recovered values have for each basis set. It is apparent in the plot that the DFK-AVG basis set is in general more accurate than the TB basis set-its mean fractional errors lie closer to zero. There are even cases when the TB mean fractional error points do not appear in the plotting region (first 3 rows on the left) as they are even farther away from the input value.
Using the double Gaussian PSF and longslit observation parameters, we calculate the QSO light contained in the extracted slit for both the on and off-axis observations. To form the off-axis observations, we add the calculated QSO light in the off-axis observation to a given galaxy spectrum. We then redden and add noise to this composite (host + scattered QSO) spectrum such that its S/N ∼ 5Å −1 . We add noise to the on-axis QSO spectrum such that its S/N ∼ 50Å −1 . These two spectra are then used as inputs to sspmodel.
Model Quasar Host Galaxy Test Results
The results of using sspmodel with the DFK-AVG and TB basis sets on the early type galaxy undergoing a burst with 20 per cent scattered QSO light is shown in Fig. 8 . The results from all the synthetic host galaxies observations described in §4.1 are shown in Fig. 9 . These results are tabulated as well in Table 5 . The main findings are that for each star formation history and QSO fraction of scattered light, both basis sets were able to accurately recover AV . As seen in Fig. 9 , and quantitatively in Table 5 , both TB and DFK-AVG recover AV to within 10 per cent of the input value for each quasar host galaxy scenario tested. However, Table  5 shows that the DFK-AVG basis set recovers more precise values for AV in each quasar host galaxy scenario tested. TB often produces a substantially wider histogram, e.g., as seen in Fig. 8 .
Both basis sets were able to recover an accurate mean amount of scattered quasar light for each quasar host galaxy test. Table 5 shows that each basis set recovers a mean fraction of scattered quasar light (fQSO) to within 3 per cent of the input value. Regarding the star formation history or mean mass fractions recovered, the DFK-AVG basis set recovers more accurate mean mass fractions in every quasar host galaxy scenario tested. As can be seen by studying Fig.  9 , the mean fractional error of the DFK-AVG basis set for the mass fractions in the 4 broad age bins are always closer to zero, i.e. closer to the input value, than the TB basis set. There are even cases when the TB basis set point does not appear in the range of the plot. Quantitatively, in Table 5, it is clear from comparing the "Mean Fract'l Error" sub-columns of each basis set for the mass fractions that the DFK-AVG basis set is always closer. Looking at Fig. 9 it is also clear that generally the DFK-AVG basis set is more precise.
The panels on the right of Fig. 9 show that both basis sets can distinguish a quasar host galaxy with a more gradual star formation history (bottom 3 panels) from one undergoing a burst (top 3 panels). However, the DFK-AVG basis set recovers more accurate mean mass and light fractions, in particular for Y and I1 bins of the burst. The TB basis set's mean light fractions for these two bins show an opposite trend similar to the results for the QSO-less synthetic spectra. Accurately distinguishing these two types of star formation histories in quasar host galaxies could make the DFK-AVG basis a useful tool in exploring the relationship between QSO activity and the star formation of the host galaxy.
The accuracy and the precision of the DFK-AVG basis set suggest that the DFK-AVG basis set is the favored choice if one wants to recover star formation histories from low signal-to-noise quasar host galaxies.
PG0052+251 Test Results
Overall the DFK-AVG basis set found more precise and accurate mean values of galaxy properties for the synthetic quasar host galaxies tested. But to show that these results can be extended to real observations, we run multiple realizations of degraded Keck LRIS observations of the galaxy PG0052+251 (Sheinis 2002; Wold et al. 2010 ) through our code with both the TB and DFK-AVG basis sets. These data are longslit observations of both the QSO and the host galaxy at a position offset from the QSO by 3 arcsec. These observations were selected because they were taken at low airmass so that effects from atmospheric refraction could be minimized since these data were taken in 1997 before Keck had an atmospheric dispersion corrector. The signal-to-noise of these data are higher than the synthetic data we tested in earlier sections (S/N ∼ 23Å −1 ), so we can use the results of sspmodel with these higher signal-to-noise data as a reference and see how recovered galaxy properties might change with lower signal-to-noise.
The results of running sspmodel on the high signal-tonoise data with the DFK-AVG basis set were consistent with previous studies of this galaxy. PG 0052+251 is classified as a spiral galaxy (Hamilton, Casertano & Turnshek 2002; Bahcall et al. 1997 ) and we find using the DFK-AVG basis set that the dominant stellar populations are from the I1 and I2 age bins-indicative of younger stellar populations.
We can also calculate the light weighted logarithmic age, log t L, of this object's stellar populations as done by Wold et al. (2010) -their equation 3-in order to compare results. For consistency we use the TB basis set and the same masking. Wold et al. find log t L = 8.18 ± 0.34 whereas we find log t L = 8.64 ± 0.14. Monte Carlo simulations confirm that much of the difference in both the mean and the error bars is due to the adopted method of modeling the quasar scattered light. Notably, the error bars decrease by a factor 2.4 when switching from Wold et al.'s method of using a polynomial with four free parameters to our physically motivated method which uses two free parameters.
To degrade the higher signal-to-noise data of PG 0052+251, we add Gaussian noise to the offset host galaxy observation so that the median S/N ∼ 5Å −1 . We do not add any noise to the QSO, on-axis, observation. We make 300 realizations of these degraded observations and run them through sspmodel for both the TB and DFK-AVG basis sets.
The results of running PG0052+251's degraded observations with the two basis sets are summarized in Fig. 10 , a histogram plot similar to the previous plots but with the results from the original un-modified higher signal-to-noise observations shown as vertical lines. As can be seen in the top panel and the χ 2 ν histograms of Fig. 10 , both basis sets fit the input noisier spectrum of PG 0052+251. The two basis sets are only distinguishable in the bluer wavelengths of the spectrum for the sample fits shown. The basis sets' distribution of χ 2 ν also have similar means and widths. Both basis sets also have very similar histograms for the recovered QSO fraction demonstrating that both basis sets have similar ease in recovering this parameter at this signal-to-noise.
However, though both basis sets recover QSO fractions that are consistent with one another and the higher signalto-noise data, it is clear in Fig. 10 that the TB basis set is much less precise in recovering the host galaxy attenuation, AV , and the Y, I1, and I2 mass fractions. The longer and more prominent tails in the TB results in the Y, I1 and I2 histograms suggest that once again the TB basis set has trouble attributing the galaxy's light to these age bins, some times attributing the wrong mixture. The DFK-AVG basis set is not without its misses as well in recovering AV and the Y and I2 mass fractions. But while the TB histograms for these parameters either lack a strong peak near the higher signal-to-noise result or even get an inconsistent peak, the DFK-AVG basis set consistently has more values closer to the higher signal-to-noise results.
In summary, we find satisfactory agreement between our results from runs of the high signal-to-noise data for PG 0052+251 through sspmodel and previous studies of the object. For PG 0052+251's degraded data, both basis sets are able to fit the noisier input spectrum and recover the QSO fraction consistent with the results from analyzing the higher signal-to-noise data. But, the DFK-AVG basis set was more precise and had results that deviated less from Table 5 . Table of results from using the DFK-AVG and TB basis sets to analyze synthetic galaxy spectra for 2 star formation histories at a variety of scattered quasar light percentages discussed in §4.1. The layout is the same as in Table 2 . A careful comparison of the mean fractional errors of both basis sets reveals that on average the DFK-AVG basis set performs better than the TB basis set. These results are visually represented in Figure 9 . the higher signal-to-noise result, especially for the galaxy attenuation, AV , and star formation history (Y, I1, and I2 mass fractions).
DISCUSSION AND CONCLUSIONS
The goal of this work was to develop and test a new spectral fitting by inversion method for recovering star formation histories from low signal-to-noise galaxy spectra with the additional ability to model "scattered" quasar light. Such a method would be a useful tool in studying quasar host galaxies. The method developed uses diffusion k-means to group SSPs into 4 broad age bins and then averages the SSPs in each age bin to form the DFK-AVG basis set. The results of using this DFK-AVG basis set to analyse 12 unique types of synthetic galaxy spectra were then compared to the results of 3 other basis sets: a traditional basis set (TB)-the 15 solar metalicity SSPs of Cid Fernandes et al. (2005), a basis set of individual SSPs with ages close to the mean ages of the Figure 10 . The results of running sspmodel on 300 realizations of a PG 0052+251 with S/N∼5Å −1 for the DFK-AVG and TB basis sets. See Fig. 8 for plot description. In this plot, the dashed vertical line represents the results of sspmodel using the DFK-AVG basis set on the higher signal-to-noise (not degraded) spectrum of PG 0052+251. The dot-dashed line represents the results from using the TB basis set on the higher signal-to-noise spectrum. Note that both basis sets reproduce the input noisy spectrum, and though both basis sets have some difficulty recovering galaxy parameters at this S/N, the DFK-AVG basis set consistently recovers more precise parameters consistent with the higher signal-to-noise results; it has fewer misses, suggesting the DFK-AVG basis set is less sensitive to noise. Table 6 . The average rankings over all star formation histories tested of each basis set by parameter with respect to the 3 metrics explained in §5. Under each metric column there are sub-columns for each basis set tested. The DFK-SSP and CONSTLF basis sets do comparably worse than the DFK-AVG and TB basis sets in the first 2 SFHs tested. Averaged over both galaxy and quasar host galaxy spectra with a range of scattered QSO light, the DFK-AVG basis set generally ranks better than the TB basis set. SSPs in the DFK-AVG age bins (DFK-SSP), and a basis set whose bases would contribute equal fractions of the light if star formation was constant for all times (CONSTLF). We find it illustrative to use three metrics to judge each basis set: (1) the fraction of the recovered values at and within 25 per cent of the input value, (2) the fraction of recovered values at and within 50 per cent of the input value, and (3) the fraction of recovered values at and outside 100 per cent of the input value. We rank the tested basis sets with respect to each of these metrics for each star formation history tested by parameter of interest. The first two metrics measure precision and accuracy. Basis set ranks closer to 1 indicate more recovered values closer to the input value. For example, if a basis set had the highest fraction of values within 25 per cent for a given star formation history, it would receive a rank valued 1. If the basis set had the lowest fraction, it would receive a rank equal to the number of basis sets tested (rank 4 in the case of 2 star formation histories tested, rank 2 for the other 10 cases). The last metric measures reliability by quantifying how often a basis set is 100 per cent or more off from the input value. For this metric, if a basis set has the lowest percentage of values 100 per cent or more off from the input, it would receive a rank valued 1. In the case of a tie in comparisons, each basis set receives the same rank it would have had there not been a tie. After these comparisons are made, we then average each basis set's rank over all star formation histories tested by parameter. The average rank of each basis set over all star formation histories tested for the recovered parameters and 3 metrics is shown in Table 6 . After performing the simpler test of comparing each basis set's results on synthetic galaxies without scattered light from a quasar, we eliminated the DFK-SSP and CONSTLF basis sets for their general lack of accuracy in recovering mass fractions in the 4 broad age bins. It is shown in the average rankings of these basis sets in Table 6 that both basis sets perform more poorly than the DFK-AVG and TB basis sets in recovering the mass fractions to within 25 per cent of the input value. The worse performance of the DFK-SSP basis set in comparison to the average DFK-AVG basis set suggests that simply lowering the number of SSPs to model noisy data might not be the best practice. Results may be more inaccurate and unreliable. Furthermore, the lackluster performance of the CONSTLF basis set suggests that physical insight should not be ignored (the CONSTLF has a large O age bin over which the SFH is likely not constant) in deciding which and how many SSPs to average. Additionally, the degeneracy of SSPs, which was not a factor in forming the CONSTLF basis set, should also be taken into account.
In the comparison of results from the remaining basis sets (DFK-AVG and TB) across synthetic galaxies without scattered quasar light and galaxies with a range of scattered quasar light, the DFK-AVG basis set was found to be generally more accurate and reliable. As seen in the rankings of Table 6 , DFK-AVG has better ranking in recovering parameters within 25 per cent of the input in all parameters but the I2 mass fraction and the mass-to-light ratio, which is a systematic that is easily understood (see §3.2). We will investigate how we might account for this systematic in future work outside the scope of this paper. Looking at the last heading of Table 6 comparing the ranks for the DFK-AVG and TB basis sets, it is also clear that the DFK-AVG basis set on average has fewer catastrophic failures, recovering values 100 per cent or more different than the input values.
Our results suggest that for analyzing low signal-tonoise galaxy spectra, the method developed here using diffusion k-means that averages SSPs would be suitable, especially in the case of analyzing a single object. The DFK-AVG basis set was on average more accurate or just as accurate as the TB basis set in recovering mass fractions in a small number of age bins, but DFK-AVG was clearly shown to be more precise, or reliable. In the case of analyzing a collection of galaxies, particularly for recovering the mass-to-light ratio, using the TB basis set would be less of a disadvantage. With a collection of objects, one can take advantage of averaging several objects' recovered parameters together to regain some accuracy when using the TB basis set. As stated previously, depending on the galaxy star formation history, we can predict that there might be a systematic offset in the mass-to-light ratio recovered by the DFK-AVG basis set. However, this offset is small compared to other systematics affecting this parameter (e.g., the IMF). Thus, it is probably still advisable to use the DFK-AVG or a similar basis set on noisier data.
We found broadly consistent results for the stellar populations in the quasar host galaxy PG 0052+251 using our DFK-AVG basis set and previous studies of this galaxy (Hamilton, Casertano & Turnshek 2002; Wold et al. 2010) . Moreover, we found that by introducing artificial noise into the spectrum of the quasar host galaxy data for PG 0052+251 overall the DFK-AVG basis set performed better than the TB basis set, producing results that were more often than not consistent with the higher signal-to-noise results on the same galaxy. The DFK-AVG basis set had occasional misses in the host AV and intermediate mass fractions, but this not not surprising, particularly for a spectrum with 50 per cent scattered quasar light. The DFK-AVG basis set's performance suggests that the DFK-AVG basis set is less sensitive to noise than the larger TB basis set which is an attractive property that can have applications that stretch beyond analyzing quasar host galaxy data. As data from large spectroscopic surveys accumulate, the use of a reduced basis set like the DFK-AVG basis set can become a powerful tool in galaxy evolution studies. We showed in §3.5 that the DFK-AVG basis set can distinguish bursting and post-starburst star formation histories. Likewise, we show in the presence of a bright quasar, the DFK-AVG basis set can continue to recover accurate mean mass fractions and relative light fractions. This capability could be useful in probing the relationship between supermassive black holes and their galaxies and testing some of the prevailing ideas regarding the timing of starbursts and black hole activity.(e.g., Cen 2012; Hopkins 2012; Anglés-Alcázar et al. 2013) This paper outlines one method using diffusion k-means to create a small basis set for stellar population modeling, but the process is not universal. There are several customizable features in the process including: (1) selecting a wavelength range to run diffusion k-means on the SSPs, (2) the tuning parameter, ǫ, that might need to change, and (3) the number of bases in the basis set, k, which should be chosen based on the data's signal-to-noise and resolution. The software and packages needed to use diffusion k-means are available publicly through the Comprehensive R Archive Network (CRAN). Interested readers should contact the author for access to sspmodel. The full DFK-AVG basis set spectra will be made available electronically.
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